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In Vivo Determination of Intra-Myocellular Lipids in
Human Muscle by Means of Localized "H-MR-

Spectroscopy

Chris Boesch, Johannes Slotboom, Hans Hoppeler, Roland Kreis

Intra-myoceliular lipids (IMCL) are stored in droplets in the
cytoplasm of muscile cells and are an energy storage form
readily accessed during long-term exercise. 'H-MR spectros-
copy methods are presented for noninvasive determination of
IMCL in human muscle. This is based on (a) the separation of
two resonances in the lipid-CH,-region, with the one assigned
to IMCL being independent of muscle orientation relative to
the magnetic field and (b) the fact that IMCL resonances scale
along with signal amplitudes of metabolites in the muscle cell
{e.g., creatine) when voxel size is increased, while lipid signals
of bulk fat show a disproportionate growth. Inter-individual
and intra-individual reproducibility studies indicate that the
error of the method is about 6% and that IMCL levels differ
significantly between identical muscles in different subjects,
as well as intra-individually when measured at 1 week inter-
vais. IMCL determinations in a single subject before and after
strenuous exercise indicate that lipid stores recover with a t..
of about 1 day.

Key words: proton spectroscopy; skeletal muscle; lipids; sub-
strate.

INTRODUCTION

MR spectroscopy (MRS) has been applied successfully to
human muscle in vivo ever since magnets of an appro-
priate bore size became available. However, most of the
research was aimed at short-term muscle energy metab-
olism (1-4) and used either 3'P-MRS for the observation
of high-energy phosphates or *C-MRS to investigate
muscular glycogen (5).

Water suppressed 'H-MR spectra of human muscle
were presumed to feature few metabolite peaks domi-
nated by a large hump of lipid resonances (6—10). When
Schick et al. (11) compared the lipid resonances in calf
muscle and in fat tissue, they observed two compart-
ments of triglycerids with a resonance frequency shift of
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0.2 ppm. The authors assigned the resonance at 1.5 ppm
to the CH,-protons of lipids in fat cells and supposed that
the shifted resonance at 1.3 ppm could be attributed to
lipids located inside muscle cells (i.e., in their cyto-
plasm), experiencing different bulk susceptibility.

Lipids are either stored as subcutaneous or interstitial
adipose tissue (here summarized as extra-myocellular
lipids, EMCL) or as intra-myocellular lipids (IMCL) in
the form of liquid droplets in the cytoplasm of muscle
cells, while free or protein-bound lipids in cytoplasm are
of lower concentration. Fatty acids in the converted form
of triacylglycerols are the most abundant long-term en-
ergy store of the human body. While EMCL (i.e., fat
tissue) is metabolically relatively inert, there is evidence
that IMCL can be mobilized and utilized with turnover
times of several hours (12). IMCL droplets are located in
the cytoplasm in contact with mitochondria (13} and
provide an important share of the energy supply during
long-term endurance activities (14, 15). With regard to
availability for cellular oxidation, IMCL are comparable
with glycogen, which can be quantified by >C-MRS (5,
16).

Carefully respecting the anatomical conditions, in-
cluding fiber orientation in individual human muscles,
we were able to demonstrate the angular dependence of
two dipolar-coupled resonances X, and X, centered at
3.93 ppm (17) which later have been characterized as the
methylene protons of creatine (Cr) (18). In the same ex-
periments, it was observed that also the chemical shifts
of some of the lipid resonances are orientation-depen-
dent (19). In this context it is crucial to distinguish
clearly between orientational effects due to dipolar cou-
pling (as for Cr, (17)) and those based on anisotropic
susceptibility (as observed for lipid layers). The latter
effect will be explored in this manuscript.

Quantitation of IMCL in human muscle by means of
'H-MRS, along with **C-MRS determination of glycogen,
would allow for the noninvasive observation of the com-
plete pattern of intra-cellular substrate storage and use in
human muscle in pathology or during sports activities.
The present study aimed at: (a) optimizing the separation
of IMCL from EMCL, (b) characterizing and assigning the
IMCL resonances, (c) developing a theoretical framework
for the observed phenomena, (d) estimating the method-
ological errors and the reproducibility of IMCL determi-
nations, and (e) testing the method in a preliminary re-
covery experiment after long-term exercise.
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MATERIAL AND METHODS
Volunteers

All subjects gave their informed consent before the in-
vestigation. The series of spectra with rotation of the leg
relative to the external field were obtained in M. tibialis
anterior of a healthy volunteer (32 years, female) laying
on her side. The series of spectra with increasing vol-
umes were recorded in M. tibialis anterior of a lean
volunteer (30 years, male). For the determination of intra-
individual and inter-individual reproducibility, subjects
with average sportive activity were measured three con-
secutive times with a break of about 10 min. Between
these repetitions, the volunteers left the magnet to make
new positioning necessary. For inter-individual repro-
ducibility, 7 volunteers (31.4 = 6.6 years, 3 female, 4
males) were compared, each subject measured in tripli-
cate. For intra-individual reproducibility, one subject (24
years, female) was measured on 5 different days, 1 week
apart and also in triplicate each day as described above.
Before Days 2 and 5, this volunteer was asked to hike for
3 h at normal speed. For the determination of IMCL
recovery after heavy workload, a 27-year-old male sub-
ject performed a 3 h of an intense training bout on his
mountain bike (approximately his ordinary training ef-
fort, i.e., some 70% of VO,max). Spectra were obtained
pre-exercise, continuously 1 to 3 h after termination of
exercise, and subsequently at 6, 8, 21, 28, 53, and 100 h
post-workload. For comparison of IMCL levels in differ-
ent muscle groups, spectra of the soleus and the gastroc-
nemius muscle were measured within the same session
in eight volunteers (age 29 * 3 years, all male).

MR

MR images for localization and H-MR spectroscopy
were done on a SIGNA 1.5 Tesla MR system (General
Electric, Milwaukee, WI). With the exception of the ro-
tation study, where the body coil was applied for trans-
mission and a 13-cm surface coil for detection, a standard
coil for extremities (linear polarized volume coil, diam-
eter 17 cm, length 29 cm) was used. All measurements
were performed in M. tibialis anterior except for the
comparison of soleus and gastrocnemius muscle. Imag-
ing parameters were chosen for optimal separation of the
muscles and fasciae (gradient-echo-sequence, 30° flip an-
gle, TR 100 ms, TE 6.8 ms). For single voxel spectros-
copy, an optimized PRESS sequence (20) with TE 20 ms,
TR 3000 ms, 128 acquisitions, 16 phase rotation steps
(21), water presaturation, and outer volume suppression
was used. To study the angular dependence, at each
angle, new images for localization were made, shimming
and water-suppression were adjusted, and a PRESS im-
age of the voxel was acquired. However, absolute repro-
ducibility of the voxel content was not possible because
the voxel remained aligned parallel to the main axes of
the magnet (no oblique voxels). Typical voxel dimen-
sions were 12 X 11 X 18 mm?® for the reproducibility and
the recovery study. The series of spectra from increasing
volumes were recorded from nominal voxels of 1.76,
2.27, 2.77, 3.02, 3.28, 3.78 cm?®, obtained by stepwise
enlargement of the anteroposterior voxel length at a fixed
location. Voxel position for this series was chosen in the
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corresponding T,;-weighted images such that the smallest
voxel did not contain any visible interstitial tissue or fat,
while the largest voxel was close to the subcutaneous fat
layer. Position and size of the voxels used in the repro-
ducibility and the recovery study were chosen carefully
in a scout image to avoid contamination from EMCL (Fig.
1). Voxel positions were calculated for the resonance
frequency of creatine-methyl groups (i.e., center fre-
quency at 3.02 ppm). Variations of the voxel size were
achieved by modification of the gradient strength. The
chemical shift artifact between water and lipid methyl-
enes was 17% of the voxel dimension defined by the
PRESS sequence in anteroposterior and superior-inferior
direction and 9% in right-left direction, compared with 3
mm in the imaging sequences used.

Fitting of Spectra

H,O signal amplitude was determined from a fit of the
first points in a series of FIDs obtained without water
suppression. For the study with increasing voxel size,
areas were determined by a Marquart-fit of Lorentz-lines,
using a standard analysis package (SAGE, General Elec-
tric, Milwaukee, WI). A sum of the areas of six reso-
nances from 4.2 to 2.7 ppm, including resonances from
Cr and trimethylamines (TMA), was defined as metabo-
lite signal (M). Cr levels were estimated from the CH,
peak at 3.02 ppm.

To obtain a better estimation of the areas for the repro-
ducibility and recovery studies, an improved version of a
vector-based nonlinear least-squares complex frequency
domain fitting algorithm was applied (22, 23). This fit
uses time domain model signals for the quantification of
the water suppressed proton spectra, allowing for a
mixed lineshape fit and the incorporation of prior knowl-
edge.

Figure 2 shows how difference spectroscopy reveals
almost clean spectra of either pure IMCL or EMCL. A
subtraction of mixed spectra with appropriate multipli-
cation of the individual spectra allows cancellation of

FIG. 1. Axial image for localization through the calf of a 27-year-
old male volunteer. A voxel of typical size and position is indicated
in M. tibialis anterior. Voxels were positioned carefully to avoid
contamination by EMCL. Sequence parameters of images for
localization: gradient echo, 30° flip angle, TR 100 ms, TE 6.8 ms,
slice thickness 5 mm.
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FIG. 2. "H-MR spectra of M. tibialis anterior and fitted data. Trace
A contains a typical experimental spectrum obtained from M.
tibialis anterior with the corresponding fitted spectrum in Trace B.
The fit is based on Lorentzian line shapes for the metabolite part
(2.7-4.3 ppm) and Gaussian line shapes for IMCL and EMCL. The
iatter moieties are both plotted separately and decomposed into
its four constituent components in Traces C and D, respectively.
Difference spectra (C',D') had been obtained from spectra with
different ratios of IMCL and EMCL. By appropriate scaling, IMCL
and EMCL signals, respectively, were nulled and “pure” spectra of
the remaining component were available to provide spectra from
which prior knowledge for the fitting procedure couid be extracted
(peak area ratios and differences of linewidths and chemical shifts
of the constituent signals). The residuals of fitting the spectrum in
A are shown in Trace E.
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one of the contributions. With the aid of such difference
spectra, prior knowledge was obtained for the strongly
overlapping resonances of EMCL and IMCL. Seven reso-
nances between 2.7 and 4.3 ppm from different metabo-
lites and the residual water peak were fitted with a com-
plex Lorentzian lineshape model. The IMCL and EMCL
parts of the spectra were estimated concurrently with a
complex Gaussian lineshape model. The use of Gaussian
lineshape is motivated by the fact that lipid resonances
consist of a mixture of similar but not identical chemical
species (e.g., variations in chain length) leading to a
distribution of chemical shifts within one resonance. The
errors in the estimated lineshape model parameters were
calculated after the fit by evaluating the diagonal ele-
ments of the covariance matrix. Areas, resonance fre-
quencies, and linewidth parameters of all metabolite
peaks (i.e., 2.7-4.3 ppm) were modeled independently
from each other. Simultaneous zero-order phase varia-
tion of all lines — including IMCL and EMCL - was
allowed. The lineshape model of IMCL and EMCL con-
sisted of four Gaussian lines each: in addition to the well
known resonances from methyl and methylene protons
(11), two broad lines were added to take into account the
lipid contributions between 1.5 and 2.5 ppm, attributed
to various, chemically different methylene protons in
esters and adjacent to unsaturated and polyunsaturated
bonds of fatty acids (11). Abbreviations were defined as
follows: IMCL1 being the methylene resonance at 1.28
ppm; IMCL2, the methyl resonance at 0.885 ppm; IMCL3,
a first broad resonance at 2.15 ppm; and IMCL4, the
second, even broader component at 1.60 ppm. The reso-
nance positions of the corresponding EMCL lines were
1.49, 1.07, 2.33, and 1.80 ppm for EMCL1 to EMCL4.
Some of the line parameters were related by prior knowl-
edge (24), based on the data obtained from difference
spectra: Areas, linewidths, and resonance frequencies of
IMCLZ2, IMCL3, and IMCL4 were kept fixed with respect
to IMCL1. Areas, linewidths, and resonance frequencies
of EMCL2, EMCL3, and EMCL4 were kept fixed with
respect to EMCL1, except for areas of EMCL3 and
EMCL4, which were fitted without constraint from prior
knowledge. The exclusion of EMCL3 and EMCL4 from
area constraints is based on the experience that the areas
of these lines —which in fact are primarily included in the
fit to define the baseline for methyl and methylene pro-
ton peaks of IMCL and EMCL —may dominate the area
determination of EMCL1 if mutual area constraints are
active.

Concentration Units

For conversion to an absolute scale, spectra were divided
by the hypothetical signal amplitude of unsuppressed
water at TE = 0 ms obtained from fitting the signal decay
in separate acquisitions with differing TEs to an expo-
nential decay (25). As long as the muscle water concen-
tration remains constant, metabolite or lipid concentra-
tions are therefore given in arbitrary units on an absolute
scale, however, without conversion to mmols per liter or
kg, since no comparison with chemical measurements is
presently aimed at. Such a conversion from arbitrary to
standard units is possible but will involve further mea-
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surements and assumptions. Transverse and longitudinal
relaxation times, pulse profiles and calibration constants
will have to be determined and a certain IMCL compo-
sition has to be assumed. This lipid mixture in droplets
can be estimated from free fatty acids in plasma (15),
which is composed of roughly 24% palmitic acid, 14%
stearic acids, 43% oleic acids, and 10% linoleic acids.
The calculated proton density for this lipid mixture
(0.108 mol protons/cm?®) is thus very similar for that of
water (0.111 mol protons/cm?).

Electron Microscopy

Electron micrographs of lipid droplets (IMCL; Fig. 3)
were obtained from biopsies of human vastus lateralis
muscle processed for EM according to established meth-
ods (13).

Statistics

A one-way analysis of variance (ANOVA) was performed
on inter-individual and intra-individual reproducibility
data. Relative errors of the method (i.e., residual coeffi-
cients of variance) were determined as the square-root of
the residual mean square, i.e., of the variance within the
groups (26). A fit of the recovery curve was obtained from
standard PC based software (Solver, Microsoft Excel 4.0).

RESULTS
Angular Dependence of CH,, Resonances

Figure 4 shows the angular dependence of the methylene
resonances of lipids. One signal at 1.25 ppm is indepen-
dent of the angle between leg and static magnetic field. A
second signal shows a clear shift when the leg is rotated
in the field. Note that the line broadens when the leg is
perpendicular to the field while it is sharpest with the leg
parallel to the magnet. Variations of the signal-amplitude
of the shifting signal (EMCL) are observed since the voxel
content varies sligthly from experiment to experiment

FIG. 3. Cross-section of a portion of a human muscle fiber. An
intra-myocellular lipid droplet (li) can be seen in close apposition to
a mitochondrion (mi). The dimensions of the lipid droplets can be
estimated from the scale provided. (mf) denotes myofilaments.
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FIG. 4. Series of 'H-MR spectra of M. tibialis anterior in a 32 y old
female volunteer with her calf at different angles with respect*to
the static magnetic fieild. Chemical shift reference is the CH;-
signal of Cr at 3.02 ppm. While one part of the lipid CH, signals at
1.25 ppm is constantly visible at all different angles, a second
portion of signals shows a variable resonance frequency as well as
an angle-dependent broadening of the signal (broken line for
illustration only). The amount of the shifting resonance (EMCL)
varies considerably since the voxel is aligned along the main axes
of the magnet. Best separation between the two signals is
achieved when the tibialis muscle is roughly parallel to the static
magnetic field. This is consistent with theory (see Appendix). The
variable splitting of the X1-X2 doublet is due to dipolar coupling of
the CH, protons of creatine and is described and analyzed in (17,
18).

{no oblique voxels used). The simultaneous variations in
the splitting of the doublet X1-X2 are due to dipolar
coupling of the creatine CH, protons (17, 18).

Increasing Voxel Size

The unsuppressed H,0O signal is linearly correlated with
the nominal voxel size (r* = 0.999). In the water-sup-
pressed spectra (Fig. 5), metabolite (r* = 0.996) and Cr (r*
= 0.994) signals depend linearly on the water signal from
within the voxel (Fig. 6). The same is observed for the
signal at 1.25 ppm (r* = 0.835), which is attributed to
IMCL. This signal is also linearly related to the Cr peak
area (r2 = 0.886). None of the correlations featured a
significant offset from zero. In contrast, the signal at 1.5
ppm, attributed to EMCL, shows a linear relationship
only for small voxel sizes; increasing voxel size leads to
a disproportionate increase in signal intensity (Fig. 6).
Since the spectra in Fig. 5 are scaled to H,0, IMCL signal
amplitude is independent of voxel size while the signal
at 1.5 ppm increases dramatically for larger voxels.
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FIG. 5. Series of "H-MR spectra from M. tibialis anterior oriented
parallel to the static magnetic field with increasing voxel size (1.76,
2.27,2.77,3.02, 3.28, 3.78 cm?, smallest voxel in the lowest trace)
at the same voxel position, scaled by the H,O signal. The IMCL
signal at 1.25 ppm shows constant amplitude throughout the
experiment while the EMCL signal at 1.5 ppm features an increas-
ing amplitude at larger voxels, which include more extra-muscular
structures such as subcutaneous fat and lipids from fasciae. M
denotes total of intra-cellular metabolites.

Reproducibility

Five sessions with three independent IMCL determina-
tions each and a delay of 1 week between subsequent
sessions in a single volunteer (Fig. 7) revealed large dif-
ferences between the sessions but much less between the
repeated measurements under the same conditions, i.e.,
with repositioning in the magnet after a 5-min break
walking around in the magnet room. IMCL levels were
visibly lower in Sessions 2 and 5 before which the vol-
unteer had hiked for about 3 h at a convenient pace. An
ANOVA test showed (Table 1) highly significant differ-
ences (P << 0.001) between the sessions and a residual

Table 1
One-Way Analysis of Variance (ANOVA) for Inter-individual and
Intra-Individual Reproducibility of IMCL Determinations

Inter- Intra-

Individual  Individual

Significance P between groups 3.5-10"""  1.8-1077
Residual coefficient of variance 6.7% 6.1%

Residual cosfficients of variance are an upper estimation of the method-
ological errors and are the square root of the within-group variance {i.e., the
residual sum-of-square) (26).
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FIG. 6. Signal areas of IMCL (triangles), EMCL (circles), metabo-
lites (M, squares, sum of peaks from 4.2-2.7 ppm) and Cr (CH,
peak at 3.02 ppm, diamonds) as a function of the unsuppressed
water signal. Acquisition parameters as described in Fig. 5. Cr, M,
and IMCL scale with the water signal, which represents the mus-
cular tissue within the voxel. The EMCL signal increases steeply
and independently of the water signal with larger voxel size (curve
shown as dashed line).

relative error of 6.1%. Cr levels were notably stable over
the whole period of time (within 3%, no significance for
differences between sessions: P = 0.857).

Inter-individual differences of IMCL in seven volun-
teers ( Table 1) were highly significant (P << 0.001) and
are clearly visible in Fig. 8. The residual relative error
(coefficient of variance) for inter-individual comparison
was 6.7%. Between various subjects, Cr levels differed
significantly (P = 0.004).

IMCL Levels in Different Muscle Groups

Figure 9 demonstrates obvious differences between IMCL
levels in soleus and gastrocnemius muscle in averaged
spectra obtained from eight subjects. The resonance at
1.25 ppm which is attributed to IMCL showed very low
levels in the gastrocnemius muscle, while it was found to
be much higher in the soleus muscle. The amplitude of
the EMCL resonance at 1.5 ppm depends on the amount
of bulk fat included in the voxel leading to large varia-
tions. Figure 9 also documents the orientation-depen-
dence of the other metabolite signals due to dipolar cou-
pling as described earlier (17).
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FIG. 7. IMCL levels in repeated measurements in a single subject
(female, 24 years) at 5 different days, separated by 1 week each.
Before Examinations 2 and 5, the volunteer had hiked for 3 h.
Between subsequent IMCL level determinations on the same day,
the volunteer left the magnet to make new positioning and param-
eter optimization necessary. Analysis of variance (Table 1) shows
highly significant (P << 0.001) differences between different days
while the residual methodological error within one session is 6.1%.

Recovery

Figure 10 shows the time-resolved recovery of IMCL from
strenuous exercise of about 3 h duration in one volun-
teer. Exercise induced a drop of IMCL of about 40% in
the tibialis anterior muscle. Interestingly, IMCL recovery
did not start immediately post-exercise but several hours
later after a meal. IMCL levels increased with a time
constant of 40.3 h (corresponding to t,,, of 28 h). In
contrast, Cr showed nearly unchanged levels pre-exer-
cise and during recovery. The IMCL recovery overshot
the pre-load level, which had been determined repeat-
edly before the workload.

DISCUSSION

EMCL can be found along muscles in fasciae and in
subcutaneous fat layers. This bulk fat is metabolically
relatively inert, but capable of supplying a large fraction
of substrate mainly during very low intensity exercise
(27). IMCL are more accessible for mitochondrial aerobic
metabolism and are effectively used at higher work in-
tensities in particular (14, 27). While there has been some
controversy over the years about the relative usage of
lipids and carbohydrates for energy supply (28), it is
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FIG. 8. IMCL levels in arbitrary units in seven different subjects (3
female, 4 male, average age 31 years). Three subsequent mea-
surements were performed on each volunteer. Analysis of vari-
ance (Table 1) shows highly significant (P << 0.001) differences
between subjects while the residual methodological error within a
single subject is 6.7%.

generally accepted that lipids can cover up to 70-90% of
the substrate needs in long-term exercise (14, 27). There
is evidence that glycogen/glucose and lipids complement
each other in a reciprocal way (28).

Human muscle contains glycogen at about 72 mM in
vivo (29) or 350 mmols/kg dry weight (30). The amount of
triglycerides in human muscle can vary considerably
between 5-60 mmol/kg (14) corresponding to about 0.3
to 0.8 vol % (31). An important clue to the role of IMCL
in muscle metabolism is the observation of a close spatial
neighborhood of mitochondria and lipid droplets (13),
which can also be seen in Fig. 3.

This report demonstrates that *"H-MRS of IMCL is fea-
sible and yields biologically relevant results comple-
menting the noninvasive determination of glycogen by
13C-MR spectroscopy. MRS is therefore a promising tool
for the comprehensive investigation of intra-myocellular
substrate stores in sports medicine, rehabilitation, and
pathology.

Angular Dependence of CH,-Resonances

CH,-resonances of lipids in human muscle show two
different portions with very distinct angular dependence
of the resonance positions (Fig. 4). Starting from the
observations of Schick et al. (11} who compared lipid
resonances from bulk fat and muscle, it is reasonable to
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FIG. 9. Comparison of '"H-MR spectra of human gastrocnemius
(lower trace) and soleus (upper trace) muscles. Each spectrum
represents an average of 8 spectra obtained from 8 male subjects.
Soleus muscle obviously contains larger amounts of IMCL (dotted
line) compared with gastrocnemius muscle. Differences in the
splitting of the X1-X2 doublet (Creatine CH2) in the two muscles
are due to dipolar coupling (17, 18) and are caused by the different
alignment of the muscle fibers.

hypothesize that the orientation dependence of EMCL
signals is due to anisotropic magnetic susceptibility. To
estimate and to describe the effect theoretically, it is
necessary to idealize the geometry of the spatial distri-
bution of EMCL and IMCL. From Fig. 3 it seems that a
sphere is a reasonable approximation of the IMCL drop-
lets. Moreover, we can safely assume that these small
spheres are evenly distributed throughout most muscle
fibers. According to Eq.[A2] of the Appendix, signals
from lipids stored in the form of evenly distributed
spheres will not lead to a frequency shift when the leg is
rotated in the magnetic field. It seems therefore plausible
to assign this resonance to the CH,-groups of IMCL.

A second signal contribution shows an angular depen-
dent shift and line broadening, which is largest when the
leg is perpendicular and smallest when the leg is parallel
to the magnet axis (Fig. 4). Eq.[A3] and [A4] of the Ap-
pendix explain this behavior by bulk susceptibility given
a tube-like geometry. The model of a tube for the distri-
bution of EMCL seems justifiable based on the available
macroscopical structural evidence. A corresponding res-
onance frequency shift of about 0.21 ppm results from
this geometry. Methylene signals from bulk fat in layers
around muscle tissue oriented parallel to the field is
therefore expected to resonate at 1.46 ppm (Eq.[A3]),
which is confirmed by the experiment (Fig. 4). The in-
homogeneous contribution I depends on the exact geom-
etry of the two compartments. It is zero for bulk fat in a
concentric tube parallel to the field (Eq.[A3]). This ex-
plains the experimental observation that the orientation-
dependent line is sharpest under that condition. Bulk
susceptibility shifts of fat layers perpendicular to the
magnetic field are less predictable since I is non-zero
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FIG. 10. IMCL levels in arbitrary units in a single volunteer (male,
27 years) after a strenuous exercise (3 h bicycle training at per-
sonal maximal limit). Three spectra had been obtained 1 day
before the workload. Note that the time points of the preload
spectra are arbitrarily set. Within 160 min after workload, IMCL
levels were determined four times. After a meal, IMCL levels were
again determined eight times over the subsequent 100 h. An
exponential fit of the recovery curve (fit beginning 6 h after work-
load) revealed a time constant of 40.3 h, corresponding to t,,, of
28 h.

(Eq.IA4]) and a function of the exact geometry and rela-
tive distances. Even without quantitative evaluation of I,
the observed line broadening can be predicted qualita-
tively. Since the model explains both the shift-depen-
dence and the broadening of the signals, the second
signal is attributed to EMCL.

From the observation that the two signals are separated
best with the muscle parallel to the magnetic field, the
experimental setup can be optimized. However, only
muscles containing fibers parallel to the main anatomical
axis show this optimum separation if the muscle (i.e., the
extremity) is parallel to the magnet. Muscles where fibers
and limb axis are not parallel (e.g., soleus) will show less
separation of the CH, signals if extremities are placed
parallel to the magnetic field as it is usually done.

Increasing Voxel Size

As second clue for the assignment of the two CH,, signals
is obtained from the experiment where the voxel size was
increased stepwise. Figures 5 and 6 show a characteristic
behavior for both lipid compartments. While the signal at
1.25 ppm scales with the signals from water and metab-
olites, the signal at 1.5 ppm is independent of the other
resonances and increases steeply as voxel size increases
— in particular when the surface of the muscle is reached.
The almost perfect correlation of water content in the
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voxel with the nominal volume indicates that the volume
selection is technically reliable and that the terms “area
of the water signal” and “volume of the voxel” are ex-
changeable. The linear correlations between total metab-
olite, Cr, and water signals indicate that the voxel con-
tains mostly muscle tissue and that these compounds are
evenly distributed within the voxel. The fatty acid signal
at 1.25 ppm increases linearly with the water signal, with
Cr, and with the sum of the metabolite peaks, i.e., it
scales with the volume of muscular tissue. This is best
explained by evenly distributed fatty acid droplets in the
cytoplasm of muscle cells, i.e., by IMCL. The resonance
at 1.5 ppm behaves differently. It is obvious that this
signal is not evenly distributed in the voxel, but origi-
nates predominantly from fat layers that are included in
large voxels only, i.e., which are surrounding the muscle.
It can therefore be assigned to EMCL. It should be noted
that this signal can dominate the 'H-MR spectrum if
voxels are not small enough or are not placed very care-
fully within a muscle. Precise anatomical localization of
a voxel is therefore mandatory for "H-MRS of muscle
(Fig. 1), not only for the detection of IMCL, as shown
here, but also for the observation of other orientation-
dependent features of the muscle spectrum (17).

Fitting Algorithms

The crucial point for the quantitation of IMCL in human
muscle by means of "H-MRS is the separation of the
methyl and various methylene signals of EMCL and
IMCL. Beside anatomically correct placement of the
voxel as stated above, the accuracy of the IMCL determi-
nation can be improved by sophisticated fitting algo-
rithms that allow for incorporation of prior knowledge
(22-24) as described in the Methods section. Predefined
relations between peak areas, resonance frequencies,
linewidths, or phases reduce the number of parameters-
to-fit and lead to a lower variance of the estimated pa-
rameters. The quality of the fit turned out to be better if
the metabolite part of the spectrum was fitted with
Lorentzian lines and the IMCL and EMCL signals with
Gaussian lines. It has recently been demonstrated (23)
that further improvement of fit quality for the EMCL and
IMCL part of the spectrum is obtained with Voigt lines,
i.e., a time domain product of a Lorentzian and a Gauss-
ian shape. Figure 2 shows that scaled subtraction of in
vivo spectra can yield almost pure spectra of IMCL or
EMCL from which prior knowledge can be obtained. It is
noteworthy, that the accuracy of the IMCL determination
is improved by sophisticated fitting algorithms, but that
even without this data treatment, the main effects, such
as IMCL recovery, can be drawn unambiguously from the
original spectra. In the presented study, most spectra are
obtained from M. tibialis anterior representing the opti-
mal experimental situation, because of the parallel align-
ment of muscle fibers. In other muscles, where fibers may
not be oriented parallel to the static field, IMCL may be
less well separated from EMCL in the 'H-MR spectrum
and an optimal fitting strategy may therefore be manda-
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Reproducibility

This study shows that IMCL can be determined in M.
tibialis anterior with a reproducibility of approximately
6%. This precision is similar to that achieved for other
MR visible metabolites and is sufficient to allow for
quantitative estimates of biologically relevant changes in
intra-myocellular lipid concentrations. The agreement
between methodological errors as determined from the
intra-individual and inter-individual ANOVA test, re-
spectively, indicates that these variations have been ex-
tracted properly and that the residual error indeed rep-
resents the achievable methodological precision. In
addition, it implies that the single subject measured for
the determination of intra-individual variations is a rep-
resentative case for the group studied for inter-individual
variation. Two main conclusions can be drawn from the
repeated IMCL determinations in humans (Figs. 7 and 8):
1) The amount of IMCL is significantly different between
subjects (P <<0.001). 2} IMCL levels depend strongly on
physical activity and may vary significantly within short
periods of time (P <<0.001), while Cr levels remain stable
(within 3%). Another explanation for variations of IMCL
levels may be recent dietary history (18). Cr levels differ
significantly between subjects, too (P = 0.004). In the
current study, IMCL levels, as determined by 'H-MRS,
are expressed in arbitrary units, because the additional
measurements needed to convert to absolute units were
beyond the scope of this study.

Soleus versus Gastrochemius

The presented study has almost exclusively been carried
out in the parallel-fibered M. tibialis anterior. Although
the experimental setup for soleus and gastrocnemius
muscle was not yet optimized, it is obvious from the data
presented in Fig. 9 that individual muscles indeed ap-
pear to have very distinct IMCL levels.

Recovery

The results from the preliminary study of recovery after
heavy exercise indicate that IMCL can be mobilized
within hours and recovered within days. In our volun-
teer, a time constant of approximately 40 h was deter-
mined for recovery, eventually leading to an overshoot.
This is considerably shorter than what had been reported
for repletion after a marathon run (32}, where biopsies
revealed a recovery time of many days. However, details
of this recovery, including time constant, delay before
regeneration and overshoot, may only be characteristic
for the particular single experimental setup used. They
should not be viewed as statistically significant for gen-
eral muscle physiology. Nevertheless, the study shows
that follow-up in single subjects is technically feasible
and demonstrates that individual recovery can be deter-
mined with satisfactory accuracy.

Our observation of a t,,, of approximately 28 h for the
recovery of IMCL in a single volunteer is somewhat
longer than that of glycogen, where for the insulin-inde-
pendent phase (above 35 mM) an approximately linear
recovery has been reported with a rate of 3.5 mM/h,
which would result in about 11 h for restoration from 35
mM to resting levels of 72 mM (29).
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It is striking that the female volunteer in the intra-
individual reproducibility study reduced her IMCL lev-
els with low intensity workloads to a similar extent as the
male volunteer in the recovery study with a much higher
effort. A possible explanation of this supposed discrep-
ancy is offered by the fact that the portion of energy
supplied by fatty acids decreases with higher workload
while the use of carbohydrates increases (13, 14).

CONCLUSIONS

Up to now, reliable determination of IMCL has only been
possible through muscle biopsies (14, 31). The presented
study shows that *H-MRS can be used to determine IMCL
levels noninvasively. The separation of the MR signals of
EMCL and IMCL is feasible, and IMCL levels can be
determined in absolute, but arbitrary units with a repro-
ducibility of about 6-7%. The conversion to standard-
ized units is possible, but will require additional calibra-
tion measurements and corrections.

Glycogen and lipids are reciprocal energy supplies for
the human body. MRS has the potential to measure both
metabolites noninvasively and therefore repeatedly.
While glycogen is accessible by means of **C-MRS, IMCL
can be determined by *H-MRS in the same session. MRS
promises therefore to become the method of choice for
the investigation of long-term energy storage of the hu-
man body in sports medicine and pathology.

APPENDIX

Bulk magnetic susceptibility (BMS) shifts of the reso-
nance-frequency have been calculated by Chu et al. (33)
for various geometrical shapes. In the following, the def-
initions and the terminology of these authors are
adapted. In a simplified way, two types of lipid accumu-
lations in the muscle can be distinguished: IMCL in
droplets with roughly spherical geometry surrounded by
cellular water and EMCL in fat layers, which can be
characterized by coaxial cylinders, with EMCL in the
annular compartment and water on the inside and out-
side. Figure 11 shows the two cases parallel and perpen-
dicular to the static magnetic field B,,.

Two theoretical contributions to the BMS shift can be
distinguished (33): a homogeneous part D and an inho-
mogeneous contribution I. The field B; can be written as
(7 representing the different compartments):

B,={1+D}By + 1, [A1]
D and I are functions of the diamagnetic susceptibility of
the substances (34) in the different compartments, i.e.,
water with Xy, = —9.05-107°, and lipids. Using the
composition of free fatty acids in plasma (15) as an esti-
mation for the composition of lipid droplets (24%
palmitic acid, 14% stearic acids, 43% oleic acids, and
10% linoleic acids) one can estimate an average X; =
—8.44 - 107° (34). In addition, I depends on the exact
geometry of the compartment.

The BMS within a lipid sphere is primarily determined
by the diamagnetic susceptibility outside the sphere (i.e.,

Boesch et al.

FIG. 11. Comparison of susceptibility effects on spherical and
tubular structures at two different angles with respect to the static
magnetic field B,. The left side (A) illustrates the case where
muscular fibers are parallel to B, (i.e., vertical); the right side (B)
shows muscular fibers perpendicular to B,. While susceptibility
effects acting on spherical structures (such as lipid droplets) are
independent of the angle between muscle fiber and B, tubular
structures are subject to anisotropic susceptibility shifts, as de-
scribed in the Appendix.

Xw) and can be approximated by:

D=X,/3andI=0 [A2]

It is obvious that a rotation of a sphere will not change
these contributions. However, for infinite coaxial cylin-
ders, the BMS changes with the angle between field and
cylinder axis. For a cylinder parallel to the external field
B,, D and I of the annular lipid compartment can be
calculated as:

D=X/3andI=0 [A3]

which is the same as for isotropic bulk fat far from com-
partmental boundaries. For a cylinder perpendicular to
the external field, D and I become:

cos26
D =Xy/2 - X./6 and Iﬁx{ ] [A4]

I.Z
with r being the radial distance from a nucleus to the axis
of the cylinder, and 0 being the angle between the exter-
nal field and r.

If the influence of the inhomogeneous contribution is
neglected outside a small sphere — which seems to be
reasonable for a smail droplet in a much larger muscle —
the BMS inside and outside of a sphere is the same, i.e.,
lipids in a small sphere are expected to resonate at the
position of free lipids dissolved in water (1.25 ppm). The
difference between BMS within the sphere (Eq. [A2]) and
in a tube parallel to the external magnetic field B, (Eq.
[A3]) is 0.21 ppm, i.e., lipids in a tube parallel to the
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magnetic field resonate at 1.46 ppm. The homogeneous
contribution D in the case of a tube perpendicular to B,
(Eq. [A4]) would lead to a resonance frequency of 1.15
ppm for lipids. The angular and radial dependence of the
inhomogeneous contribution I will lead to a symmetrical
distribution of the resonance frequencies resulting in a
line broadening. Maximum shifts in either direction are
reached when the static magnetic field is parallel or
perpendicular to the lipid layer.
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